SUMMARY To assess the influence of heredity on factors that help regulate the arterial blood pressure in man, we conducted sodium-loading and depletion studies in monozygotic and dizygotic twins, normotensive first-degree relatives of essential hypertensives, and in nonnotenslve control subjects matched for age, sex, and race. Following sodium-loading, we found evidence for the influence of genetic variance on the natriuretic responses, plasma renin activity (PRA), plasma aldosterone concentrations (PA), and plasma and urinary norepinephrine. Relatives of hypertensives differed from controls in that they had higher blood pressures, greater renin values, and relatively sluggish natriuretic responses. Since renin and fractional sodium excretion values were inversely correlated in all subject groups, it is possible that the heritable influences we observed on sodium excretion were mediated by the renin-angiotensin-aldosterone system. 79 the nature of these influences has not been defined clearly. To examine inherited mechanisms that may contribute to the development of essential hypertension in some individuals, or the resistance to hypertension in others, we conducted detailed studies of monozygotic and dizygotic normotensive twins, normotensive firstdegree relatives of essential hypertensives, and large numbers of normotensive white and black subjects by means of a standardized protocol incorporating both sodium-loading and depletion.
A LTHOUGH the existence of heritable influences on arterial blood pressure has been well established both in experimental animal models 1 "* and in man, 79 the nature of these influences has not been defined clearly. To examine inherited mechanisms that may contribute to the development of essential hypertension in some individuals, or the resistance to hypertension in others, we conducted detailed studies of monozygotic and dizygotic normotensive twins, normotensive firstdegree relatives of essential hypertensives, and large numbers of normotensive white and black subjects by means of a standardized protocol incorporating both sodium-loading and depletion. 10 " 14 In these studies we examined electrolyte balance, components of the renin-angiotensin-aldosterone system, and humoral indicators of sympathetic nervous system activity. The studies in twins 10 
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fluences in each of these areas. The studies in normotensive, first-degree relatives of essential hypertensives indicated the existence of important differences in electrolyte excretion and peripheral renin values that may contribute to the susceptibility to hypertension of this high-risk group." We present these findings in light of their bearing on the importance of heredity in regulating blood pressure in man.
Methods

Studies in Twins
Data from monozygotic (MZ) and dizygotic (DZ) twins provide a unique opportunity to test for the existence of genetic variation in traits. Since MZ twins are genetically identical and DZ twins are related as full siblings, a given trait would be expected to exhibit smaller twin-pair differences for MZ than DZ twins if genetic influences are present. On the other hand, if the trait is only influenced by environmental variability, the MZ and DZ twin-pair differences should be approximately equal.
The statistical methods involved in the analysis of MZ and DZ twin data have been recently reviewed by Christian. 16 We chose the comparison of MZ and DZ twins as the most efficient method for the initial investigation of heritable components in quantitative HEREDITY AND BLOOD PRESSURE REGULATION/Gr/m et al. traits. The program (TWNAN) developed for this purpose at our institution tests for differences between the mean of MZ and DZ twins, and also for differences in the total variance of the two types of twins, 1 * before estimating genetic variance. If the twin type and the mean, or total, variance of the trait under investigation are associated, bias may be introduced into tests for the presence of genetic variance. Associations between twin type and the total variance of quantitative traits are not uncommon."
The current analysis uses the estimates of genetic variance according to criteria established by Christian et al. 1 " The equality of total variance was evaluated by an F' test. When the total variance of MZ and DZ twins was equal, the presence of genetic variance was tested using the F ratio (Within DZ/Within MZ). We expressed these results as the "Within Pair" estimate; this estimate is more traditional and is used by many investigators, but it may fail to account for potential biases. Therefore, when the total variances were unequal, the results were interpreted as indicating that the environmental components of variance for MZ and DZ twins were not equal. 19 Under these conditions the appropriate estimate of genetic variance was tested by the F' test (Among MZ + Within DZ)/ (Among DZ + Within MZ). This method, which provides the "Among Component" estimate in our study, renders an unbiased estimate under conditions of unequal environmental variances. However, the power of the test to detect significant genetic variance is less than the Within Pair estimate, and, consequently, it requires a larger number of twin pairs to achieve statistical significance.
Normotensive twin-pair volunteers with no immediate family history of hypertension were recruited from the existing twin panel in the Department of Medical Genetics, Indiana University, from the college registration records of Indiana University, and by advertisement. The protocol was approved by both the Indiana University Medical Center Human Use and Clinical Research Center Committees. All participants were preselected for a previous history of normal blood pressure and the absence of drug ingestion. Females were excluded if they had taken oral contraceptives in the preceding 3 months. 20 Moreover, females were studied only during days 5 to 15 of their menstrual cycle to minimize variance due to cyclical hormonal changes. The subjects were enrolled after informed consent was obtained, and were admitted to the Indiana University Clinical Research Center for the duration of the protocol.
Zygosity was determined by extensive genotyping and dermatoglyphic analysis. 21 The twins were routinely categorized according to blood group antigens ABO, Rh, MNS, Kell, Duffy, Kidd, P, and Secretor status. 22 In addition, PGM1, haptoglobin and the enzyme acid phosphatase, amylase I, and amylase II were evaluated by techniques previously described.* 3 ' u There were 55 twin pairs in our study; 37 were monozygotic (21 male, 16 female) and 18 were dizygotic (13 male, 5 female). They ranged in age from 14 to 17 years and all were white.
Studies in Relatives of Essential Hypertenslres
Since January 1974, the blood pressure, natriuretic, kaliuretic, and humoral responses following sodiumloading and depletion of 379 normotensive subjects and 395 patients with essential hypertension have been studied by the Specialized Center of Research in Hypertension at the Indiana University Medical Center. From this population of 379 normal subjects, we selected 43 normotensive (blood pressure consistently under 140/90 mm Hg) first-degree relatives (18 sons, 6 daughters, 6 sisters, 7 brothers, 4 mothers, 2 fathers) of probands with known essential hypertension as established by our diagnostic protocol." We compared results from these subjects with those from 43 normotensive subjects who were not relatives of essential hypertensives. All were matched by computer to age within at least 2 years, race, and sex.
Protocol
Each subject was instructed to collect a 24-hour urine specimen on the day before admission and one during the first 24 hours following admission when they were receiving a regular hospital diet containing 150 mEq sodium and 70 mEq potassium. We obtained a careful history and physical examination, supine and standing measurements of blood pressure, and baseline hemogram and serum chemistries. Specially trained nurses obtained blood pressure measurements using mercury manometers (Baum, Inc., New York, NY) four times daily on subjects in the supine and upright positions. The fifth Korotkoff component, or point of sound disappearance, was accepted as the diastolic pressure.
On the second day following admission, the suppressibility of the renin-angiotensin-aldosterone system and the natriuretic response following saline infusion were determined.** At 6 a.m., blood samples were obtained for measurement of sodium, potassium, creatinine, plasma renin activity (PRA), and plasma aldosterone concentration (PA). Plasma norepinephrine concentration (P Ne ) was measured in MZ and DZ twins in conjunction with PRA and PA sampling. The subjects then assumed an upright posture (standing or walking) until 8 a.m. when the PRA and PA measurements were repeated. After voiding completely they assumed the recumbent position until noon while receiving a 4-hour intravenous infusion of 2 liters of isotonic saline (500 ml/hr). At 12 noon, a 4-hour urine collection for electrolytes, creatinine, and P Ne was terminated, and blood obtained for PRA, PA, sodium, potassium, and creatinine determinations. After completion of the infusion, the subjects were permitted to move about and received a 150 mEq sodium, 70 mEq potassium diet. At 10 p.m., a 10-hour urine collection was terminated. At 6 a.m. the following morning, an 8-hour "sleep" urine collection was completed. The total sodium intake on this day was 458 mEq. On the morning following saline administration, at 6 a.m., blood was obtained for electrolytes, creatinine, PRA, and PA analysis. Following 2 hours of walking about, the PRA and PA measurements were repeated at 8 a.m. The diet on this day was limited to 10 mEq sodium, 70 mEq potassium, and 25 ml water/kg body weight. Furosemide (40 mg) was given orally at 10 a.m., 2 p.m., and 6 p.m. An awake urine collection was terminated at 10 p.m., and a "sleep" specimen completed at 6 a.m. on the morning following sodium depletion.
To evaluate the response of PRA and PA to the stimulus of upright posture following sodium and volume depletion, blood was again sampled at 8 a.m. after 2 hours of walking.
Analytical Methods Sodium, potassium, and creatinine concentrations in blood and urine were measured by an IL flame photometer and standard autoanalyzer techniques (Technicon, Tarrytown, NY). The fractional excretion of sodium was calculated as follows: FE Na = C Na /C Cr X 100. The PRA and PA concentrations were measured by immunoassay techniques previously reported. 17 Norepinephrine was measured in plasma and urine by a radioenzymatic assay. 28 Analysis of variance, two-tailed t test, and regression analysis were performed by means of a computerized statistical program as appropriate." Since the control subjects were not matched to the first-degree relatives of hypertensives prior to the performance of the protocol, paired f test comparisons were avoided. The 95% limits of probability were accepted as significant. Fiducial limits are expressed as standard error (SEM).
Results Table 1 displays the data for systolic and diastolic blood pressure at 9 p.m. (11 hours before the saline infusion) and for height, weight, and body surface area. We analyzed the mean blood pressure (diastolic + 1/3 pulse pressure) and the average systolic and diastolic blood pressure for each day of the study. None of these revealed genetic variance. We attribute this to the wide variability and environmental influence on blood pressure, since at certain times of the day, i.e., at 9 p.m. while recumbent, before the sodium-loading day, we were able to demonstrate genetic variance (table 1) .
Although not shown, we were also able to demonstrate genetic variance for blood pressure on the sodium depletion day. This was evident in the 8 a.m. recording of upright blood pressure, obtained the morning after sodium load before sodium depletion had occurred. Furthermore, on that day at noon, we again found genetic variance in the systolic and diastolic blood pressure (supine position) before much sodium depletion had occurred. The total variances for height were unequal in all twins (F' probability < 0.001), indicating that the more conservative among component F tests is more appropriate in this instance. Both the Within Pairs and Among Pairs component estimates were highly significant (p < 0.001), and the heritability estimate was 0.84.
In the case of weight, the total variances for the two types of twins were not different, and therefore the 
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Within Pair estimate was accepted as evidence for the existence of genetic variance (p < 0.05). Surface area also demonstrated genetic variance. Since the total variances were different (p = 0.09), the among component estimate can be used (p < 0.05); however, both estimates were significant (p < 0.05). There was no evidence for heterogeneity of genetic variance in the two sexes when analyzed separately for any of the variables studied. Therefore, we report subsequent data for both sexes analyzed together.
The 24-hour urine collections used as estimates of dietary sodium and potassium intake prior to our study revealed a sodium excretion rate of 164 (± 12 SEM) mEq/24 hr and potassium excretion rate 66 (± 4 SEM) mEq/24 hr for MZ twins, and 150 ± 11 mEq/24 hr and 68 ± 5 mEq/24 hr respectively for DZ twins. Values for the MZ and DZ twins were not significantly different (p > 0.05). The analysis also failed to reveal the presence of genetic variance for sodium and potassium intake by either the Within or Among Pairs component F tests.
Results of the analysis of urinary sodium excretion (U Na V), fractional excretion (FE N «), and urinary norepinephrine (U Ne V) appear in table 2. A genetic influence on U N .V was identified during the night following saline and for the entire sodium-loading day (p < 0.05). A genetic influence on FE N . was observed during the saline infusion (p < 0.01), during the night following saline (p < 0.05), and for the 24-hour period {p < 0.01), compared to recumbency, or the corresponding value obtained during volume expansion with normal saline. In the twins, mean systolic blood pressure was directly correlated with the supine PRA (r = 0.29, p < 0.01), and PA (r = 0.23, p < 0.02) measured at 6 a.m. on the sodium-loading day. Systolic blood pressure was inversely correlated with the 24-hour FE N « (r = -0.28, p < 0.01). In addition, the 4-hour and 24-hour FE N , were inversely correlated with the 6 a.m. supine PRA values (r = -0.27, p < 0.01; /•= -0.21, p <0.05).
The first-degree relatives of essential hypertensives and their corresponding control subjects were similar in age (average 27.8 ± 2.1 vs 27.8 ± 2.0 years, with a range of 16 to 60 years), height (160.9 ± 1.4 vs 170.5 ± 1.6 cm), and weight (69.7 ± 2.7 vs 70.4 ± 2.3 kg). They had similar renal function (creatinine clearance on the saline day = 123 ± 4.8 vs 119 ± 4.9 ml/min) and were also similar with respect to outpatient collec- tions of U Na V, U K V, and U Ne V. Figure 1 depicts the blood pressure measurements obtained in the relatives and control subjects. Although both groups were clearly normotensive, the relatives had consistently higher systolic and diastolic blood pressures (p < 0.05). The U Na V under outpatient, inpatient, sodiumloading, and depletion conditions is outlined in figure  2 . The relatives excreted significantly less sodium (p < 0.05) on the sodium-loading day than the control subjects. For the 4 hours encompassing the saline load (not shown in fig. 2 ), the relatives excreted 59.1 ± 5.4 and the control subjects 53.8 ± 4.4 mEq sodium respectively (p > 0.05). Likewise, no differences were observed on the sodium depletion day.
The PRA and PA responses are displayed in table 4. Upright and supine PRA, and PRA immediately following saline infusion, were greater in the relatives than in the control subjects (p < 0.05). The PRA values obtained before and after furosemide were no different regardless of posture. The PA values were not different in relatives and control subjects. No differences in U Ne excretion of relatives and control subjects were observed under any conditions.
In the relatives, age was directly correlated with systolic (r = 0.50, p < 0.001) and diastolic (r = 0.39, p < 0.01) blood pressures on the day following admission. In the control subjects, no significant correlations between age and blood pressure were observed. On the sodium-loading day, age was inversely correlated with the 24-hour sodium excretion in the relatives (r = 0.41, p < 0.01) but not in control subjects. On that day, the 4-hour FE Na encompassing the salt load was directly correlated with systolic (r = 0.53, p< 0.001) and diastolic (r = 0.35, p < 0.05) blood pressures, whereas in control subjects no such correlations were observed. The FE N . was inversely correlated with the 6 a.m. PRA in both the relatives (r = -0.37, p < 0.05) and the control subjects (r = -0.25, p < 0.05).
The natural logarithm (L n ) PRA and (U) PA values were pooled and analyzed for both relatives and controls. In the relatives the relationships between these parameters were defined by the expression L n PA = 1.38 + 0.71 L n PRA (r = 0.76, p < 0.001); whereas the relationships in controls were defined by L n PA = 1.62 + 0.69 L,, PRA (r = 0.75, p < 0.001). The slopes of the relationships were not different; however, in control subjects the intercept of the regression line and the PA value was significantly greater (p < 0.05) than in the relatives. Thus, for a given PRA value the controls exhibited higher PA concentration than did the relatives.
Discussion
The heritable nature of essential hypertension has been repeatedly demonstrated, 7 "* even after considering the influence of a common environment. 80 In a study of the families of identical twins, we were able to clearly demonstrate genetic influences on the familial aggregation of blood pressure. 81 The susceptibility to hypertension of persons related to hypertensives was demonstrated by Ayman," who found the prevalence of hypertension (blood pressure greater than 140/80 mm Hg) in offspring to be 46% if both parents were hypertensive, 28% if one parent was hypertensive, but only 3% if neither parent was hypertensive. Environmental influences on blood pressure in our present report resulted in a decreased ability to detect genetic influences on the average blood pressure in this single sample of young normotensive subjects. Only by rigid standardization of environmental conditions, as used in this study, especially after sodium-loading, were we able to see significant genetic variance. Because the reasons for heritable influences are unknown, we chose to examine several factors involved in arterial blood pressure regulation, namely, electrolyte excretion," the reninangiotensin-aldosterone system,* 4 and the sympathetic nervous system.""
The data obtained from twins illustrate the presence of genetic variance on sodium excretion during and after a 2-liter intravenous infusion of normal saline. The data obtained from first-degree relatives of essential hypertensives indicate that these subjects have relatively blunted natriuretic responses following sodium-loading. Although these differences could have been due to differences in prior sodium intake between the relatives and the controls, the estimates of sodium intake reflected by the control urine collection before experimental manipulation failed to reveal evidence of differences in sodium. We observed a similar blunted natriuresis when comparing responses of black Americans to appropriately matched white counterparts. 13 ' u These observations are important since dietary salt intake and the regulation of sodium homeostasis have long been recognized as important in the development of experimental animal and human hypertension. 1 -*" Guyton and co-workers" have suggested that the kidney functions as the final common pathway of blood pressure regulation in both the normotensive and hypertensive state through its control of salt and water excretion. Factors that affect the kidney and its ability to excrete salt and water may be responsible for the development of hypertension, particularly in societies that use large quantities of salt. An inherited renal functional deficiency in handling an excessive extracellular fluid volume expansion would serve to explain the susceptibility of some individuals to the development of hypertension at states of high sodium intake, and the relative resistance of others.
The renin-angiotensin-aldosterone system and the sympathetic nervous system are both recognized as influencing regulatory control over sodium balance.* HEREDITY AND BLOOD PRESSURE REGULATION/Gr/w et al.
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observed in over half the measurements. These findings indicate that heritable influences on the reninangiotensin-aldosterone system are more consistent. The P Ne was influenced by heritable factors in the supine position before and after saline infusion; U Ne V measurements revealed such influences in the period immediately following saline infusion. These data suggest that heritable influences over sympathetic nervous system activity are most likely to be identified in the basal volume-expanded state, which minimizes the effects of environmental stimuli.
The influences exerted by the renin-angiotensinaldosterone system and sympathetic nervous system on sodium excretion in the twin subjects are not entirely clear from our data, but when combined with our previous studies, allow us to speculate about the relationship between BP, PRA, PA, and FE N .. In the twins, FE Na was inversely correlated with PRA and PA determinations. We have previously observed in another large number of normal subjects that PRA was inversely correlated with FE N ., and in a large group of hypertensive subjects have noted that the socalled "exaggerated natriuresis" is a feature of hypertension with renin suppression. 41 The PRA and FE N . were also inversely correlated in the relatives of hypertensives and their corresponding control subjects. Thus, in normal and hypertensive persons, the greater the activity of the renin-aldosterone system, the lower the kidneys' ability to excrete a sodium load. If the primary control of sodium excretion were independent of PRA, we would have expected that the lower the ability to excrete sodium, the lower would have been the PRA.
In the twins, the systolic blood pressure was directly correlated with PRA and PA, and inversely correlated with FE Na . Now, if the factor responsible for the heritability of blood pressure was completely unrelated to both the kidney's ability to excrete sodium and the renin-angiotensin-aldosterone system, the feedback control of blood pressure on PRA should have resulted in an inverse correlation between blood pressure, PRA, and PA, and a direct correlation between blood pressure and FE N .. Our study yielded opposite results in every instance, suggesting that the heritability of blood pressure is not independent of the renin-angiotensin-aldosterone system and the renal excretion of sodium. Since a primary elevation of PRA would be expected to increase both blood pressure and PA, and decrease FE N ., the present data are more consistent with a role for renin in the heritability of blood pressure. The sympathetic nervous system is known to exert important control over the release of PRA. Evidence for a heritable influence on P Ne and U Ne V was less consistent in these studies. However, such a genetic control of the sympathetic nervous system could result in genetic control of PRA and PA, which in turn could alter the blood pressure via these hormonal mechanisms.
Data from the study of relatives and hypertensive subjects support the position that the reninangiotensin-aldosterone system may have been responsible for the blunted natriuretic responses we observed as well as the higher blood pressures exhibited by the relatives compared to controls. Analysis of the PRA-PA relationships in the two groups of subjects revealed that the relatives had greater PRA values for a given PA value than did controls. The PA values in the two groups of subjects were not different. It is conceivable that the relatives lacked the same sensitivity to circulating angiotensin-mediated aldosterone release as did the controls. Nevertheless, the blunted natriuresis cannot be attributed to differences in circulating aldosterone. On the other hand, greater generation of angiotensin II may have contributed to the blunted natriuretic responses we observed. Kimbrough et al. 41 have indicated that intra-renal angiotensin II may promote the conservation of salt and water. Johnson and Malvin 43 have suggested that angiotensin II exerts a direct stimulatory effect on tubular sodium reabsorption independent of changes in renal blood flow or glomerular filtration rate. We would like to speculate that the 50% greater PRA values observed in the relatives before, and 33% greater PRA values immediately after, the intravenous sodium loads may have resulted in increased angiotensin II levels, which may have impeded the natriuretic responses of the relatives.
In previous studies we compared the responses of blacks and whites to sodium-loading and depletion. Blacks resembled the relatives in the present study in that they had higher blood pressures following saline infusion and exhibited blunted natriuretic responses. Their PRA values, on the other hand, were lower than those of their white control counterparts. In the blacks it is less likely that PRA was responsible for their blunted natriuretic responses. The converse is a more plausible explanation. No specific intrinsic renal defect has been defined in blacks; however, we have observed that in blacks glomerular filtration rate decreases at a greater rate with age than in whites. 44 It is possible that blacks have a relatively diminished glomerular ultrafiltration coefficient compared to whites, which may lead to relative sodium retention and higher blood pressure. Before exhibition of frank hypertension, such a defect may manifest itself as a blunted natriuretic response and suppression of PRA.
In summary, we have presented data that show genetic variance to the natriuretic responses following sodium-loading, components of the renin-angiotensinaldosterone system, and indicators of sympathetic nervous system activity, after rigid control of certain environmental influences on blood pressure. In addition, we have observed that first-degree relatives of essential hypertensives have higher blood pressures and PRA values, but more sluggish natriuretic responses than appropriately matched controls. The relationship between the pre-infusion PRA values and sodium excretion following infusion suggests that components of the renin system are at least in part responsible for the differences observed between relatives of hypertensives and controls. Heritable influences on the reninangiotensin-aldosterone system may be responsible for the genetic variance observed on sodium excretion and blood pressure.
